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Accelerated renal cyst development in deconditioned germ-free rats.
The influence of environment on renal cyst growth was assessed in
experiments utilizing 56 germ-free and 32 conventional male Sprague—
Dawley rats fed 2% nordihydroguaiaretic acid (NDGA). Among three
groups of six germ-free rats allowed ad lib intake of NDGA for six
weeks and deconditioned (placed into the ambient laboratory environ-
ment) at the start, at the midpoint, or not at all, cyst formation and
interstitial changes (both severe) were noted only among animals
deconditioned at the midpoint. Among 14 germ—free rats that were
offered 0.4 g NDGA daily, deconditioned after two weeks, and sacri-
fIced 0 to 15 days thereafter, nephron dilation and thymidine uptake by
renal tubular epithelium appeared within one to three days and corre-
lated in magnitude with each other and with the duration of the
contamination interval. Deconditioning, a prior period of four or more
days of exposure to NDGA in the germ-free state, the duration of the
contamination period, and the presence of cecal flora were identified as
prerequisites to accelerated cyst formation in this model, while the dose
of ingested NDGA, the presence of bacteria within the kidney, an
action of bacteria on NDGA within the colon, and the type(s) of
organisms colonizing the host were not. These findings provide exper-
imental evidence that environmental circumstance can modulate the
expression of renal cystic disease.
The pathogenesis of renal cystic disease (RCD) is poorly
understood [1]. What factors initiate cyst formation and what
events foster cyst enlargement are questions for which few
answers exist. Among humans and animals some forms of RCD
occur in patterns that are predicted by mendelian theory [2—4].
Other forms appear after exposure to certain nephrotoxins
[5—181. In these, the acquired or induced forms, cell injury
appears to be a critical early event [7—9, 12—18]. Thus, evidence
is available to implicate both heritable and environmental
factors in the pathogenesis of RCD.
Results from one study bear uniquely on circumstances that
foster cyst enlargement, In CFWwd mice the expression of
heritable RCD is thousandsfold greater when the animals are
reared in the conventional rather than germ-free setting [19].
Because environmental factors are amenable to treatment or
control, we pursued the possibility suggested by experience
with the CFWwd mouse that environmental manipulation influ-
ences the development as well as induces the formation of renal
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cysts. Here we report and discuss the relevance of an observa-
tion that the induction of renal cysts by a known cystogenic
chemical, nordihydroguaiaretic acid (NDGA) [7, 8, 13], is
accelerated in germ-free rats by transfer of the animals to the
ambient laboratory environment.
Methods
Germ-free (Caesarian—Derived or CD) and conventional male
Sprague—Dawley rats weighing 140 to 150 g at acquisition were
obtained from Charles River (Wilmington, Massachusetts,
USA). After receipt, rats were acclimatized for one week.
Germ-free animals were housed in individual cages within
isolators holding 12 cages each. Conventional animals were
housed in individual cages outside isolators in the same or an
adjacent room. All rats received sterilized drinking water ad lib
and autoclavable chow (Wayne Rodent Blox, Continental Grain
Co., Chicago, Illinois, USA), to which for some animals, 2% by
wt NDGA was added (Teklad, Madison, Wisconsin, USA).
Diets were pelletized and daily pellet counts were maintained
for the duration of the experiment. Rectal cultures were ob-
tained from all rats on receipt; purportedly germ-free animals
with positive initial cultures were excluded from further study.
Three series of experiments were performed.
Series I (deconditioning)
Eighteen germ-free rats were fed chow with 2% NDGA ad lib
for six weeks. Six were fed NDGA under germ-free conditions
for the entire six weeks, Six were contaminated (deconditioned)
after three weeks by transfer from the germ-free into the
ambient laboratory environment. Six were placed in the ambi-
ent laboratory environment at the time NDGA was introduced.
Rectal cultures were obtained from all rats at time of sacrifice.
Series II (duration of deconditioning)
Fourteen germ-free rats were limited to 20 g of chow,
containing approximately 0.4 g of NDGA, daily. After two
weeks in the germ-free state, they were deconditioned as
above. One or two animals were chosen at random for sacrifice
at 0, 1, 2, 3, 4, 7, 10, and 15 days after deconditioning.
Forty—five minutes prior to sacrifice, rats in this series were
given i.p. radioactive thymidine (specific activity, 15.1 Ci/mM)
(New England Nuclear, N. Billerica, Massachusetts, USA) at a
dose of 0.2 xCi/g of body wt.
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Table 1. Summary of protocols followed among the 56 rats
of Series Ill
Duration
Type of rat
Number
of rats Type of diet
of feeding
days
Conventional 4
11
17
Regular
Sterile NDGA
Desterile NDGA
16—41
18—57
1—42
Germ-free 7
5
Regular
Sterile NDGA
0—52
13—16
Deconditioned 12 Sterile NDGA
then desterile NDGA
7—39
13—16
Series III (control groups)
The variables of type of diet (with or without NDGA),
sterility of diet (autoclaved or desterilized, that is, autoclaved
and then exposed to the ambient environment), and duration of
exposure to NDGA were studied among an additional 32
conventional, 12 germ-free, and 12 deconditioned rats. As in
Series II these rats were limited to 20 g chow, with or without
0.4 gadded NDGA, daily. Thymidine injections (as above) were
given prior to sacrifice to 16 of the conventional and two of the
germ-free rats in this series. Series III protocols are summa-
rized in Table I.
Laboratory studies
Microbiological specimens were cultured aerobically and
anaerobically using the API system (API Laboratories,
Plainview, New York, USA). Those animals exhibiting no
growth were considered germ-free. Left kidneys in Series II and
III were removed and sectioned aseptically for subsequent
culture in thioglycolate broth.
Both kidneys from Series I and right kidneys from Series II
and III rats were perfused with 1% glutaraldehyde in Tyrode's
solution in situ via abdominal aortic puncture [13]. Subse-
quently, each was removed and hemisected, and one—half was
further fixed for at least 24 hr in glutaraldehyde. This hemisec-
tion was washed in 0.075 M cacodylate/HCI buffer for one hr,
post-osmicated in 1% osmium oxide in a 0.075 M
cacodylate/HCI buffer for one hr and dehydrated through a
series of graded ethanols. The tissue next was transferred in
fresh 100% ethanol to a Samdri critical point dryer, dried with
liquid carbon dioxide, and coated with gold—palladium in a
Hummer V sputter coater. These specimens were examined
and photographed with an AMR l000A scanning electron
microscope at an accelerating voltage of 20 Ky. Remaining
renal tissue was processed routinely for light microscopy and
embedded in paraffin. Sections were cut at 5 pm and stained
either with periodic acid—Schiff (PAS) or hematoxylin—orange
G.
Abnormalities in renal morphology were evaluated by the
light microscope in each of ten categories (as listed for Series I
rats in Table 2) and were semiquantitated using established
criteria [20, 21] as follows: 0 = absence of the lesion; 1 = lesion
represented in less than 10% of the tissue and with minimal
change; 2 = lesion represented in up to 50% of the tissue and
with moderate change; 3 = lesion represented in 50 to 90% of
the tissue and with moderate change; and 4 = lesion repre-
sented in over 50% of the tissue but with severe change. Values
for each rat were summed, divided by ten (the number of
categories), and recorded as "pathology score."
Sections of kidneys from thymidine—injected rats were pre-
pared for autoradiography as previously described [13]. Label-
ing indices (a ratio of the number of cell nuclei demonstrating
thymidine uptake among 500 cells times 100) were determined
on adjacent tissue sections by one of us (AE) while a second
observer (KG) rated the degree of cystic change (nephron
dilation) on a 0 to 4 + scale; the latter ratings were designated
"cyst score" and were correlated with the labeling indices and
days of contamination data from the same rats.
Routine methods were used for statistical analyses [22, 23].
Results
Food intakes
Food and calculated NDGA intakes did not vary signifi-
cantly. Among rats in Series I (Table 2), dietary consumption
averaged between 13.8 and 14.9 g of chow (0.28 to 0.30 g
NDGA) per day. In Series II and III, rats ate 18.2 to 20.0 g of
food daily, with those animals receiving NDGA ingesting 0.36 g
of the drug daily. Differences in mean daily intakes were not
significant (Student's t-test; P > 0.05).
Morphology
Kidneys from representative germ-free (Series I) and conven-
tional (Series HI) NDGA-fed rats are illustrated in Figures 1—4.
No changes were evident in kidneys from the germ-free or
deconditioned—on—receipt NDGA—fed rats (Figs. 1 and 3). Cyst
development was fulminant in kidneys of the deconditioned—at—
midpoint rats (Fig. 2), and it was more extensive among kidneys
from these animals than among those from conventional
NDGA—fed control rats (Series III; Fig. 4).
Kidneys from the deconditioned rats of Series I were en-
larged and appeared spongy. Microscopically they contained
dilated tubules extending from capsule to inner medulla (Fig. 5).
Dilation was localized primarily along collecting tubules but
involved other segments of the nephron as well. Cells lining
cyst walls ranged in shape from flat to columnar, with focal
areas of cellular hyperplasia (micropolyps) obvious along col-
lecting tubules and occasionally seen more proximally (Figs.
5—7). Interstitial fibrosis was localized to areas of cortical
tubular atrophy. Interstitial infiltrates of predominantly poly-
morphonuclear leukocytes (PMNs) but also lymphocytes and
macrophages were present, usually adjacent to dilated tubules.
PMNs were regularly associated with areas of hyperplasia and
polyp formation (Figs. 7 and 8). A few tubular segments
possessed migrating PMNs in the tubular wall or luminal space
(Fig. 8).
Renal pathology scores confirmed a greater severity of mor-
phological change in the deconditioned—at—midpoint animals of
Series I. Scores averaged 2.1 0.4 among these rats, signifi-
cantly greater than the value of 1.3 0.1 (means SEM)
recorded for the conventional rats fed desterilized NDGA chow
(Tables 2 and 3; P < 0.01 by Student's 1-test). Regression
analyses of data from the Series II and III experiments (Table 3)
indicated that changes were more rapid after deconditioning of
the germ-free NDGA-fed rat than after introduction of NDGA
into the diet of the conventional animals (Fig. 9).
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Table 2. Summary of protocol, dietary and NDGA consumption, and light microscopic changes among the 18 germfree rats of Series 1.
Type of germfree rat
Deconditioned Deconditioned Not
Parameter on receipt after 3 weeks deconditioned
Number of rats 6 6 6
Food intake per rat, g/42 day? 580 585 628
NDGA intake per rat, g/42 daysb 11.6 11.7 12.6
Tubular atrophy 0.0 1.5 0.0
Tubular dilation 0.0 3.5 0.0
Tubular debris 0.0 2.5 0.0
Tubular necrosis 0.0 1.0 0.0
Tubular hyperplasia 0.0 3.5 0.0
Micropolyps 0.0 2.0 0.0
Interstitial nephritis 0.0 2.5 0.0
PMN infiltration 0.0 3.0 0.0
Glomerular sclerosis 0.0 0.0 0.0
Vascular sclerosis 0.0 1.0 0.0
Pathology score (mean) 0.0 2.1 0.0
a Total number of pellets eaten times 4 g per pellet.
b Grams of food consumed times 0.02 (NDGA content).
Light microscopically visible changes were absent from the
kidneys of rats fed non-NDGA containing chow, of conven-
tional rats fed either sterilized or desterilized NDGA chow for
30 days or less, of two germ-free rats sacrificed on receipt, and
of germ-free rats fed sterile NDGA for up to 39 days (Tables 2,
3).
Labeling indices
Among the 14 deconditioned rats of Series II and the two
germ-free and 16 conventional rats of Series III to which
thymidine was given, tubular cell labeling indices ranged from 0
to 29.0% (Table 3). Indices were greater for collecting than for
proximal tubules (means SEM5 of 9.5 2.9% and 5.5 1.7%
respectively; P < 0.02 by paired (-test). They exceeded 0.5% in
deconditioned germ-free rats but fell below that level in germ-
free and conventional rats that were not deconditioned and/or
were not fed NDGA (P of difference < 0.001 by Fisher's exact
test). They increased in advance of increases in pathology
scores among both deconditioned rats and conventional rats fed
desterilized NDGA chow (Table 3).
Labeling indices and the degree of cyst development rose
after deconditioning and increased progressively with time.
Significant correlations were documented among labeling indi-
ces, cyst formation and the number of days following relocation
of rats from the germ-free to the ambient environment (Series
II, Fig. 10).
Microbiological studies
Bacterial contamination of stool or cecal content was a
constant finding among conventional and deconditioned germ-
free rats at the end of all experiments, In declining order of
frequency Staphylococcus epidermidis, Proteus mirabilis, Ba-
cillus species, Escherichia co/i and Kiebsiella pneumoniae were
the aerobic organisms found. The first two organisms were
found in all rats while the last appeared only in the rectal
cultures of two conventional rats. Proteus and E. co/i were
isolated from all conventional rats and quantitatively were the
most numerous aerobic organisms. They usually appeared
among germ—free rats one to three weeks after deconditioning.
Anaerobic organisms, which were found in all conventional and
deconditioned animals, included bacteroides species and occa-
sional clostridia species. As defined by protocol, organisms
failed to grow aerobically or anaerobically from the rectal
swabs and cecal contents of rats considered to be germ-free.
Renal cultures were positive for one or more of the organisms
listed in seven of the 14 deconditioned germ-free rats of Series
II. No relationship was noted between positive renal cultures or
specific organism and labeling indices, pathology, or cyst
scores.
Discussion
NDGA is an antioxidant and one of several compounds that
induce interstitial change and tubular dilation or renal cyst
formation when fed chronically to rats [5—18].It is toxic to renal
tubular epithelium [8]. The mechanisms by which it induces
cyst formation in the kidneys are as yet unidentified [7, 8, 13].
Results from the present study indicate that renal cyst forma-
tion is rapid and severe when germ-free rats previously exposed
to NDGA are transferred to the ambient environment.
Among NDGA-exposed deconditioned animals, light—micro-
scopically visible interstitial and tubular but not glomerular
lesions were observed. Lesions included tubular cell necrosis
and proliferation, and increased tubular cell (especially collect-
ing tubular cell) labeling indices—abnormalities described ear-
lier in conventional NDGA-fed rats [7, 8, 13]. Noteworthy here
is the fact that these changes in renal morphology appeared
within days after deconditioning. Highly significant correlations
were recorded among labeling indices, days of contamination,
and cyst scores in deconditioned rats. These correlations im-
plicate tubular cell proliferation and the period of contamination
as determinants of cyst development in the model. Cellular
proliferation along collecting tubules and ducts, acting to cause
partial lumenal occlusion, has been implicated previously in the
pathogenesis of RCD [13, 28]. Chemically induced RCD in the
germ-free setting has heretofore not been examined.
Without deconditioning, NDGA was a poor or ineffective
stimulus to renal change and cyst formation in the germ-free
animal. Slight but significant increases in labeling indices were
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Fig. 1. Light micrograph showing in cross section a kidney from a Series I germ-free rat. All areas of the cortex and medulla appear normal. x 4.
Fig. 2. Light micrograph of a kidney from a deconditioned—at—midpoint rat of Series!. Dilated and cystic nephrons (arrows) are found throughout
the entire cortex and outer medulla. Most of the tubules are involved. Papillary fibrosis and necrosis are absent. x 4. Fig. 3. Light micrograph of
a kidney from a deconditioned—at—start rat of Series I. No alterations are noted. x 4. Fig. 4. Light micrograph of a kidney from a conventional
Sprague—Dawley rat treated with desierile NDGA for 42 days. Cysts of various sizes are present but are fewer in number and smaller in size when
compared with those of Figure 2.
recorded among kidneys from NDGA-exposed germ-free and
conventional rats. While light microscopically visible renal
changes were not evident, the increase in labeling indices
suggests that cell injury and proliferation had occurred in these
kidneys.
When time courses were compared, abnormalities in renal
morphology, including cyst formation, were shown to evolve
more rapidly among NDGA-fed germ-free rats after decondi-
tioning than among conventional rats after institution of feeding
with the identical NDGA-containing diet (Table 3 and Fig. 9). In
an earlier study with conventional rats [13], we noted dilation
after one week and recorded an increase in thymidine labeling
between the first and second week of dietary exposure to
NDGA. Among deconditioned rats in Series II of the present
study, dilation ("cyst score") and labeling indices were at
baseline after two weeks of NDGA feeding in the germ-free
environment but increased demonstrably as early as one and
three days respectively after deconditioning (Table 3 and Fig.
10). These data support a conclusion that deconditioning accel-
erates NDGA-induced cyst development in germ-free Sprague—
Dawley rats.
Three observations indicate that variations in the amounts of
ingested NDGA-containing diet were not responsible for differ-
ences in renal architecture. One, the deconditioned—at—
midpoint rats of Series I ate food in an amount intermediate to
the other two groups yet had the most severe renal changes
(Table 2). Two, NDGA-fed rats in Series II and III were
provided with and consumed similar amounts of diet, yet
altered renal morphology appeared first in deconditioned rats
(Table 3). Three, among this group, seven rats achieved renal
pathology scores of 3.0 or greater with a mean time on diet of 29
5 (sEM) days, while five conventional rats fed the same
(desterilized) NDGA diet for 40 8 days (an interval that was
longer but not significantly different by either Student's t or
Mann—Whitney U tests) showed no detectable light microscopic
changes in their kidneys (Table 3). This difference in severity of
scores were significant (P < 0.001 by Fisher's exact test).
The results suggest that accelerated cyst formation is influ-
4
2
enced by the period of prior exposure to NDGA (more than four the duration of the deconditioning interval (Series II, Figs. 9
but less than 21 days prior to deconditioning; Series land II), by and 10), and by the event(s) surrounding colonization of the
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Fig. 5. Scanning electron micrograph of a portion of a kidney from a deconditioned—at—midpoint rat of Series 1, showing many enlarged collecting
tubules (C). Areas of hyperplasia (arrows) are easily found. x 40. Fig. 6. Scanning electron micrograph of a cortical collecting tubule from kidney
in Figure 5 showing a large area of hyperplasia (arrow) with an associated polyp (p). x 250.
Table 3. Data (ranges) from experimental (deconditioned germ-free) and control (germ-free and conventional) rats from Series 11 and Ill.
Days Number Proximal tubule Collecting tubule Mean pathology
contaminated of rats labeling indices, % labeling indices, % score(s)
0 2 0.5—0.5 0.5—0.5 0.0—0.0
1 2 0.9—1.1 0.6—1.5 0.0—0.0
2 2 1.0—1.0 1.0—1.0 0.0—0.0
3 2 2.2—4.0 3.4—6.5 0.0—0.0
4 I 2.0 5.0 0.0
7 2 10.5—19.0 18.0—25.5 2.0—2.5
10 I 12.0 20.0
15 2 8.0—14.0 20.0—29.0
GR/rega 2 0.01—0.01 0.01—0.01
Conv/reg" 2 0.01—0.01 0.01—0.01
Conv/sterc 2 0.05—0.05 0.05—0.05
Conv/dester" 8 not done 0.01—0.10
Conv/desterC 4 not done 11.00—13.00
a Germ-free rats fed autoclaved chow without NDGA for 15 and 27 days.
b Conventional rats fed autoclaved chow without NDGA for 29 and 41 days.
Conventional rats fed sterilized 2% NDGA chow for 29 and 41 days.
d Pairs of conventional rats fed desterilized NDGA chow for 1, 3, 5, or 7 days.
Pairs of conventional rats fed desterilized NDGA chow for 14 or 30 days.
Mean SEM.
Cyst score(s)
0.0—0.0
0.5—1.0
0.5—1.0
0.0—2.0
0.5
3.0—3.5
3.52.5
3.0—3.5 3.5—4.0
0.0—0.0 0.0—0.0
0.0—0.0 0.0—0.0
0.0—0.0 0.0—0.5
0.0 O.O not done
1.3 0.i not done
Aø':;;c. .c,f•-1
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frequently among rats whose kidneys did not harbor demon-
strable bacteria as among those whose kidneys did (Series II).
Further, cyst development was less severe among conventional
rats, colonized by bacteria since birth, than among decondi-
tioned animals, colonized during the period of experimental
observation (all Series)—an observation which minimizes the
likelihood that a metabolite of NDGA [7, 81, formed by the
action of intestinal bacteria on the drug over time, was respon-
sible for the enhancement phenomenon.
Conventional The mechanisms by which deconditioning enhances renal
______________________________________________
cyst formation are not established for the CFWwd mouse [19]
5 10 15 20 25 30 nor were they identified in this study of chemically induced
RCD in the Sprague—Dawley rat. NDGA is a known inhibitor of
Time, days numerous enzymes including lipoxygenase, cyclo-oxygenase,
lysosomal enzymes, peroxidase, and collagenase [24, 25] but
the activities of these enzymes in relation to RCD have not been
studied. The striking interstitial infiltrates of inflammatory cells
that were observed in apposition to cysts and micropolyps in
intestinal tract by microbes during NDGA exposure (all Series), the more cystic kidneys from deconditioned rats (Figs. 7 and 8),
Neither the ingested dose of NDGA nor the presence of taken with the ability of NDGA to inhibit peroxidase activity
bacteria in the kidney, the presence of bacteria in the colon [25], make it attractive to implicate some consequence of the
prior to NDGA exposure, nor the type(s) of organism(s) cob- inflammatory reaction [26] in cyst development.
nizing the animals appear to influence the rate of cyst develop- The relevance of observations in rats to human RCD also is
ment. For example, changes in renal morphology were found as conjectural. In the past, rat models have proven useful in efforts
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Fig. 7. Light micrograph of kidney from decondirioned—at—midpoint rat showing a cross section of an enlarged collecting tubule (C) with
micropolyp. Numerous polymorphonuclear leukocytes (arrows) are positioned beneath or within the polyp. x 350. Fig. 8. Light micrograph of
same kidney showing numerous polymorphonuclear leukocysts within the tubular wall and lumen. x 650.
Deconditioned
germ-free
4.0
3.0
>.0)0
o 2.0
-c
(0
1.0
0
Fig. 9.Regression lines derived by least squares [22, 23] from pathology
scores of 14 deconditioned and 12 conventional rats fed desterilized
NDGA chow.
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to better understand RCD. Study of diphenylamine (DPA)—
induced RCD provided experimental confirmation of a clinical
impression that cystic kidneys are unusually susceptible to
infection [2, 6, 27]. The ability of certain nephrotoxins to induce
dilation or cystic change in kidneys was seen first in rats [5, 11]
and later noted in man [12]. The demonstration of foci of
proliferating renal tubular epithelium in rat kidneys undergoing
cystic change [16] led to reaffirmation of the phenomenon in
human RCD, with implications for renal tumorigenesis [1, 28,
29] and for the pathogenesis of RCD [1, 13, 28].
The fact that certain compounds induce renal cyst formation
in rodents led Darmady and associates to implicate such sub-
stance(s) in the pathogenesis of human RCD [17]. Lest the
hypothesis be considered far—fetched, it is relevant to note that
some proven cystogens are used as drugs, that is, lithium [12],
while others, such as DPA and NDGA, are present in the
environment and are available for consumption by humans [5,
30]. Relative to a role for interaction between host and microbe,
deconditioning (colonization of the organism by microbials)
presumably begins at the moment of birth. It is not impossible
that bacteria or their products interact from birth or upon
invasion of the urinary tract to enhance cyst formation and
growth in the genetically susceptible or environmentally condi-
tioned individual [I, 31].
The evidence presented here that deconditioning accelerates
cyst development in NDGA-fed rats adds to that which is
already available [5—19], indicating that environmental experi-
ence may not only cause but also affect the expression of some
forms of RCD.
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B: r = 0.85; C: r = 0.96; P < 0.001 for each.
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